Introduction
Symbiotic interactions are well known across a wide taxonomical range and are very common among arthropods. Symbiosis was not well-described among rotifers, but a coexistence and prevalence of the bdelloid rotifer Philodina roseola (Bdelloidea: Bdelloida) with Aedes aegypti and Aedes albopictus in the larval stages was observed in the dengue-and chikungunya-affected regions in India [1] . We, while investigating the Argulus bengalensis egg clutches, noticed several P. roseola individuals in association with them-a phenomenon that prompted us to examine the relationship between these life forms. Certain peculiar features have been reported about P. roseola, such as it reproduces exclusively by apomictic parthenogenesis [2] . It can undergo anhydrobiosis because of having a dehydration-regulated protein similar to nematode late embryogenesis abundant protein and resume life on reaching a water body [3] .
On the other hand, Argulus being an ectoparasite results in the mass mortality in pisciculture. The life cycle of Argulus includes egg, larval, juvenile and adult stages [4] . The main survival strategy among their populations involves the maximization of reproduction to attain optimum fitness. In general, evolution favours a parasitic population that maximizes its propagule numbers. Further, if a mutualistic association is developed with the parasite, critical benefits will accrue towards the fitness of its population. The present investigation was, therefore, conducted to underscore the nature of such an association.
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Material and methods (a) Parasite and its egg
Argulus bengalensis were collected from a West Bengal Government-run fish farm in Malda, West Bengal, India, and a breeding colony was raised in the laboratory on its cyprinid host, Cirrhinus mrigala. For obtaining eggs, 20 gravid female parasites (29-32 days old) were left undisturbed for 1 h in Petri plates.
(b) Microscopic preparation and rotifer identification
The Petri plates with the eggs were incubated in a 100 l aquarium bath to raise the rotifers. The specimens were stained according to Justine et al. [5] and identified as P. roseola following the morphology-based framework [6] .
(c) Laboratory experiments
The Petri plates containing eggs were categorized as control-C and two experimental set-ups, E1 and E2. Those were incubated separately at ambient water temperature (28 + 28C) in the 100 l well-aerated aquarium baths. Every 24 h the Petri plates were removed from the aquarium baths for a brief period and viewed under an inverted microscope to observe the occurrence of P. roseola on the egg strips, developmental progress of the eggs, and finally their hatching marked by longitudinal furrows. An estimation of the hatching percentage was done on day 16. Each experiment was replicated three times.
(i) Control: eggs with rotifer
Group C eggs were incubated for 16 days in the aquarium containing fish farm water. The rotifer P. roseola spontaneously colonized on the egg clutches within 24 h and remained throughout the incubation period.
(ii) E1: eggs without rotifer Rotifer-free water was obtained by filtering the fish farm water through a plankton net, 25 mm mesh size. The eggs were washed thoroughly with the rotifer-free water and incubated for 16 days in the same water, with an exchange at every morning.
(iii) E2: eggs without rotifer up to eye pigmentation The E2 eggs were incubated in the rotifer-free water for the initial 5 days, and thereafter in water containing P. roseola for the rest period.
(d) Field experiment
For obtaining eggs in field conditions, two infested farms (Barasagar Dighi, Malda 24858 0 08 00 N, 88806 0 09 00 E and Ramsagar, Bankura 23805 0 59 00 N, 87816 0 26 00 E) were selected, one carrying A. bengalensis and another A. siamensis. In both farms, three tanks were provided with 13 00 Â 10 00 wooden boards as the egg laying substrata, one 6 00 below from the surface, one 6 00 above the pond bottom and one in the middle. Every morning one egg strip from each substratum was viewed microscopically for the occurrence of P. roseola.
Results
The rotifer P. roseola colonized upon the jelly coat of the control eggs (C) of A. bengalensis within 24 h (figure 1a; electronic supplementary material, movie S1). The number of symbionts per egg clutch varied from a minimum of 14 on day 3 to a maximum of 127 on day 16. Some of those constructed tube-like nests adjacent to the egg strip. On every occasion, a single individual was found moving inside the nest (figure 1d; electronic supplementary material, movie S2). During feeding, it left the nest, adhered to the substratum with a pair of toes (figure 1b), extended its body towards the jelly coat of the eggs, sheared off a portion of the jelly coat with the rostrum (figure 1b) attached to the corona (figure 1b,c), retracted the anterior part of its body and finally ingested the food material (electronic supplementary material, movie S1). The jelly coat of the eggs was almost fully depleted and 96.6% of the eggs hatched within 12 to 16 days of incubation ( figure 2a,b) .
Embryonic development and eye pigmentation of the E1 eggs were comparable with those of the C eggs at day 11 of incubation (figure 2a). However, the jelly coat of the E1 eggs remained intact and the larvae failed to hatch out. Desolation of internal structure and subsequent death of the embryo was indicated by the translucent appearance with diffused eye pigments on day 16 (figure 2a). The E2 eggs exhibited normal embryonic development revealing 87.5% hatching (figure 2b).
Under field conditions, P. roseola were recorded on all the egg strips sampled from each of the substrata for both A. bengalensis and Argulus siamensis after the day of laying, and for each case, the number varied from 2 to 5. By day 4, the number of P. roseola symbionts increased to 39 and 48 on the egg strips of the respective species. On day 16, the highest numbers of the symbiont were recorded as 182 and 214 from the egg strips of the respective species. In addition to P. roseola, numerous minute zooplankters were also found in all the egg strips. Among the egg strips examined, in two, gastrotrich individuals were observed (electronic supplementary material, movie S3).
Discussion
The main activities of P. roseola include feeding and reproduction. They remain around the egg strips feeding on the jelly coat. A glandular secretion [6] from their toes helps them adhere onto a substratum to effectuate the shearing force and obtain a piece of the jelly coat. Nest building is one of its significant solitary behaviours. In the absence of symbiosis (E1), the jelly coat remains intact and the Argulus embryos fail to hatch, despite having completed their development. This indicates that P. roseola does not influence the embryonic development of the argulid. However, the E2 eggs associated with P. roseola from sixth day of incubation hatched successfully within the usual hatching period. This further proves that the early embryonic development is not influenced by the symbionts and the removal of the jelly coat by them at a significant level is essential for the larvae to hatch. Thus, our experimental results signify a symbiotic dependence of the embryonic stages of A. bengalensis on P. roseola. Other rotifers (in addition to P. roseola) such as Brachionus sp. and Keratella sp. and other organisms like gastrotricha, were observed as occasional visitors or scavengers, though no specific activities of these on the egg jelly coat were noted. The appearance of P. roseola on the egg strips, under both laboratory and field conditions, proves that this rotifer population is a natural inhabitant of the farm water; the same fact was also noted by Fayer et al. [7] . At the time of laying, each egg clutch is covered with a secretion from the paired collateral glands [8] , which subsequently solidifies into a jelly coat [9] . According to Davis [10] , the larvae hatch by creating a furrow through the egg envelopes using their dorsal organs as well as by increasing the osmotic swelling of the inner egg membrane. The final emergence requires rsbl.royalsocietypublishing.org Biol. Lett. 12: 20151043 an active struggle by the larvae. However, the force exerted by the larvae is insufficient to break the jelly coat of the intact egg. Therefore, only a significant feeding activity of P. roseola on the jelly coat of argulid eggs enables the larvae to hatch and emerge out of the egg envelopes.
Thus, our experimental results confirm an association, as the mutualism of a service-resource relationship, between the bdelloid rotifer P. roseola and A. bengalensis in its embryonic stage. In this association, P. roseola feeds on the jelly coat (resource) of the A. bengalensis eggs and in return it enables the larvae of the ectoparasite to hatch out by creating a furrow through the envelopes of the dejellied eggs, thus contributing to and benefiting from the relationship. This mutualistic symbiosis is considered to have evolved from a parasitic relationship [11] . A transitional relationship between inquilinism and parasitism between the rotifer Philodina acuticornis and its host Biomphalaria alexandrina has been demonstrated by Azzam [12] . Stirewalt & Lewis [13] also opined that P. acuticornis live in commensal association with the snail, Biomphalaria glabrata, and determine variability in Schistosoma mansoni cercarial production through release of an anti-schistosomal factor-probably a neural or muscular depressant. In addition to commensalism, P. acuticornis also shows a predilection towards the egg mass and early embryos of B. alexandrina up to blastula stage, resulting in embryonic mortality [14] . Several rotifers have been reported to be parasitic on many protozoan and crustacean species, and commensal with other species of Protozoa, Porifera, Mollusca and Echinodermata. [15] . The mutualism between the Branchiura Argulus and the rotifer Philodina might have evolved from a hyper-parasitism and later converted into a service-resource relationship. Thus, this issue is of great interest and will help in our understanding of the evolution of mutualism, which still remains unclear. While this symbiotic association definitely contributes rsbl.royalsocietypublishing.org Biol. Lett. 12: 20151043 to the fitness of this parasitic population and helps sustain it in nature, it is however challenging for a species to maintain a stable and long-term mutualism. Assessing the precise fitness benefit to the individuals involved in a mutualistic relationship is not always straightforward, particularly when one symbiont can receive benefits from several resources or build up different relationships, such as a prey-predator relationship with other organisms, as is observed between P. roseola and Aedes spp. [1] . The field experiments revealed that such an association of P. roseola is not restricted only to A. bengalensis but also extends to other species of Argulus. This reveals that the mutualistic relationship of P. roseola with A. bengalensis is opportunistic and facultative for the former, but obligatory to the latter member. The anhydrobiotic form of P. roseola could be carried by wind to transmit from one water body to another [1] . Saprophagy is, probably, not the only nutritional mode of Philodina, as revealed by the presence of different organisms in its gut [16] . But for A. bengalensis, the mutual dependence on P. roseola is demonstrated as being obligatory, both under the microcosm and field conditions. Future studies involving an intervention of this association may provide clues towards the designing of a control programme against this parasitic infestation.
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